INTRODUCTION
Foxtail millet (Setaria italica) is largely cultivated globally and belongs to one of the most ancient crop species that was probably domesticated in China from the wild species green foxtail nearly 11 500 years ago (Lu et al., 2009; Yang et al., 2012) . Due to its excellent drought resistance and water management, it is produced for staple food in the arid and semiarid zones of mainly China and India before the popularity of rice and wheat arose (Bettinger et al., 2010; Zohary et al., 2012; Crawford, 2006) . It presents the advantage to be nutritionally superior to other cereals such as wheat and rice (Saleh et al., 2013; Upadhyaya et al., 2011) because it is rich in proteins, minerals, vitamins, and phytochemicals, and contains eight essential amino-acids except lysine (Matz, 1991) . In recent years, foxtail millet became an ideal model crop for genomics studies and abiotic challenges because of its small diploid genome (~510 Mb) (Jia et al., 2013; Doust et al., 2009; Brutnell et al., 2010; Li and Brutnell, 2011; Lata et al., 2013) .
Heterotic vigors obtained from the expression by cross fertilization of genetically different parental lines, showed superior phenotypes to their parents, such as high yield production, increased growth and development rates, improved biomass, better quality, improved stress resistance among others (Hei et al., 2016; Kalloo et al., 2006) . Moreover, the strong inbreeding character and floral architecture of foxtail millet hinder seeds explosions, leading to a reduced number of applicable hybrids. Many approaches have been developed to avoid self-fertilization in the case of hybrid seeds production in many cereal crops, such as emasculation, genetic male sterility (GMS), cytoplasmic male sterility (CMS), and photo-thermo-sensitive male sterility (Chen et al., 2010) . However, the cited explored hybrid systems present important inconveniences. (Ikeguchi et al., 1999; Singh et al., 2015) . On the other hand, the discovery of chemical hybridizing agents (CHAs) is considered to be a promising method for the development of hybrid seeds. It is indeed flexible, rapid, and does not require fertility restoration (Ba et al., 2014b) . In addition, the biggest advantage of applying CHAs is the broadening in the choice of combinations increasing the number of hybrid seeds that can be produced.
The best results have been reported with the use of the new type CHA SQ-1 in wheat, leading to an almost complete sterility at the concentration of 5 kg ha -1 . Indeed, when applied at a specific developmental stage, the pharmacodynamic tests in field experiments indicated that the out-crossing rate could reach up to 85%. Besides, this CHA exhibited to be effective on a broad spectrum property and has no side effects on agronomic traits (Ba et al., 2013 (Ba et al., , 2014a Zhu et al., 2012 Zhu et al., , 2013 . Because of these advantages, SQ-1 replaced other CHAs and has been largely used to produce hybrid seeds in China. However, little information is known on the effect of SQ-1 on foxtail millet although some experiences have been reported in the case of wheat, for which the results could be potentially transferred to foxtail millet.
The production of reactive oxygen species (ROS) is triggered when plants are exposed to environmental changes. Among the ROS, hydroxyl radicals (OH-), singlet oxygen ( 1 O 2 ), superoxide anion (O 2 · -), and hydrogen peroxide (H 2 O 2 ) (Asada, 1999) , are inherent by-products of the cell's metabolism. However, excessive accumulation of these substances can damage lipids, photosynthetic pigments, nucleic acids and proteins (Smirnoff, 1993; Sun et al., 2002) , and ultimately lead to cellular structural lesions (Apel and Hirt, 2004) , growth perturbation, reduced fertility, and premature senescence (Krasensky and Jonak, 2012) . Malondialdehyde (MDA), a secondary breakdown product of lipid peroxidation, is regarded as an indicator of lipid peroxidation and oxidative damage (Teisseire and Guy, 2000) . The agent SQ-1 is an abiotic stress that may provoke a response from the plant. To circumvent these drawbacks, plants produced enzymatic and non-enzymatic antioxidants that can scavenge ROS. These enzymatic antioxidants that play a role in the plant's defense system include superoxide dismutase (SOD), peroxidase (POD), catalase (CAT), and ascorbate peroxidase (APX). It has been reported that the level of enzymatic antioxidants increased as a reply to mild or moderate stress, but their efficiency decreased under continuous stressful environment (Fan et al., 2009; Liu et al., 2011; Ge et al., 2014) . Plants also produce a large number of osmotic compounds, such proline as the most common one, in order prevent oxidative damage (Girousse et al., 1996) .
Taking into account the upmost importance of this staple food, there is little information on the male sterility induced by CHA. In this study, we investigated the effects on male sterility of SQ-1 at various concentrations and at different developmental stages in foxtail millet. We compared the morphological features between SQ-1 treated plants and control plants. Moreover, agronomic characteristics and physiological parameters were also determined to understand the male sterility mechanism, which is of crucial importance for the development of physiological male sterility.
MATERIALS AND METHODS

Experimental site
The 
Plant materials and chemicals
In this study, the early-mutation cultivar of Henggu 13 was used, which was purchased from the Institute of Rainfed agriculture from the Hebei Academy of Agriculture and Forestry (Hebei, China). The CHA SQ-1 was kindly provided by the Cotton Research Institute from the Shanxi Academy of agricultural Science (Shanxi, China).
Experimental treatments
The study was conducted in a completely randomized design (CRD) with three independent experiments performed as biological replicates for all experiments. Four dosages of SQ-1 (3, 4, 5, and 6 kg ha -1 ) were applied to investigate the male sterilization at three stages, namely early booting, midbooting, and early protogyny. Plants were considered to be at the early booting stage when the index of the leaf age was 61.67; at the mid-booting stage when the index of the leaf age was 79.94; and at the early protogyny stage when the index of the leaf age was 92.39. The SQ-1 solutions were applied with a small hand sprayer and distilled water was sprayed for the control experiments. The leaves of the plants were sprayed until complete run-off and care was taken to prevent spray drift by screening the plants from different plots with polyethylene sheets. After treatment, all panicles were individually bagged with parchment selling bags to avoid crosspollination or other contaminations. Young panicles were collected from the control and experimental groups (at 5, 10, and 15 d after treatment) and used for physiological traits analysis. At grain maturity, the percentage of male sterility was assessed using the following equation:
Percent of male sterility (%) = 100* (1-Nt/Nc) Where Nt is the average number of grains observed on SQ-1 treated plants and Nc is the average number of grains observed on 10 ears of the control plants.
Other parameters such as the plant height, panicle length, mean value of spikelets per ear, and the mean value of grains per spikelets, were also recorded.
Phenotypic characterization
Plant spikelets were photographed using a Canon digital camera (EOS 5D, Canon, Japan) mounted with a Canon Zoom Lens (EF 24-70 mm1:2.8, USM), and plant flowers were photographed using a Canon DP27 digital camera (Canon, Japan) mounted on an Olympus dissecting microscope (SZX16, Olympus, Japon).
Anthers of mature flowers were collected after each treatment at anthesis and then pollen grains were stained with 2% iodine-potassium iodide solution (I 2 -KI) followed by an examination under an Olympus light microscope (BX53, Olympus, Japon) to analyze the pollen fertility.
Determination of lipid peroxidation and hydrogen peroxide (H 2 O 2 ) concentrations
The H 2 O 2 concentration was determined by slightly modifying the method described by Patterson et al. (1984) . Briefly, a fresh spikelets sample (0.3 g) was grinded in an ice bath with ice cold acetone (3 mL) and then centrifuged at 3000×g for 10 min. Then, the supernatant (1 mL) was added to a mixture containing titanium disulfate (Ti (SO 4 ) 2 , (5% w/v in water, 0.1 mL) and ammonia (12 M, 0.2 mL). The obtained precipitate was washed three to five times with ice cold acetone and resuspended in sulfuric acid (H 2 SO 4 , 2 M, 5 mL). The absorbance of the sample was read at 410 nm on a spectrophotometer (UV1200, MAPADA, China), and the concentration of H 2 O 2 was calculated based on a standard curve.
The oxidative damage of spikelets lipids was measured by determining the concentration of malondiadehyde (MDA). The concentration of MDA was determined by chemical reaction with thiobarbituric acid (TBA) following the method of Cakmak and Horst (1991) with some modifications. A sample of fresh spikelets (0.1 g) was ground in trichloroacetic (TCA, 0.1% w/v in water, 5 mL) and centrifuged at 12000×g for 10 min in a refrigerated centrifuge. An aliquot of 1 mL of a solution of extracted enzyme was added to a solution of TBA (0.5% w/v in 20% w/v TCA in water, 4 mL). The solution was incubated at 100°C for 15 min. Thereafter, the reaction was stopped by transferring the tubes into an ice bath. The samples were then centrifuged at 12 000×g for 5 min and the absorbance was read at 532 and 600 nm with a spectrophotometer (UV1200, MAPADA, China). The MDA concentration was calculated using the following equation:
Where, ε refers to the extinction coefficient (155 mM cm).
Extraction and determination of the activities of the antioxidant enzymes
For the extraction of antioxidant enzymes, a sample of fresh spikelets (0.1 g) was homogenized in phosphate buffer (50 mM, pH 7.8, containing 1 mM of EDTA, 0.05% w/v Triton X-100 and 1% w/v polyvinypyrrolidone, 1.5 mL) followed by homogenization and centrifugation at 12 000 ×g for 20 min at 4°C. The supernatant was taken for the enzymatic assays of SOD, POD, CAT, and APX. For the determination of the APX activity, additional ascorbate (1.0 mM) was added to the buffer mentioned above. The total soluble protein concentrations of the enzyme extracts were determined by Bradford assay (1976) using bovine serum albumin as a standard.
The SOD activity was determined based on the inhibition of the photoreduction of nitro-blue tetrazolium (NBT) according to the method described by Parida and Jha (2010) . The reaction mixture (3 mL) was composed of the enzyme extract (20 μL), phosphate buffer (50 mM, pH 7.8), methionine (13 mM), NBT (75 μM), 0.1 mM EDTA, and riboflavin (2 μM). Tubes were illuminated at a light intensity of 4000 lx for about 15 min. The absorbance of the mixture was read at 560 nm. One unit of SOD was defined as the amount of enzyme that caused 50% inhibition of NBT reduction under light.
The CAT and POD activities were measured according to the method described by Chance and Maehly (1955) . The CAT reaction mixture was composed of the enzyme extract (50 μL), phosphate buffer (50 mM, pH 7.0), and H 2 O 2 (10.5 mM). The reaction was started by adding the supernatant. The evolution of the absorbance was followed every 30 s for 3 min at 240 nm. One unit of enzyme activity was defined as the consumption of 1.0 μmol of H 2 O 2 per minute.
The POD activity was determined by the oxidation of guaiacol in the presence of H 2 O 2 . The reaction solution contained phosphate buffer (50 mM, pH 7.0), guaiacal (25 mM), and H 2 O 2 (2.0 mM). The enzyme extract (10 μL) was added to the reaction mixture (3 mL). The increase in absorbance at 470 nm was monitored to determine the POD activity.
The APX activity was assayed as previously described by Nakano and Asada (1981) . The reaction mixture was composed of the enzyme extract (0.1 mL), phosphate buffer (pH 7.0, 50 mM), ascorbate (15 nM), H 2 O 2 (0.3 mM). The decrease of the absorbance at 290 nm within 1 min was monitored after the addition of H 2 O 2 . One unit of APX was defined as an absorbance change of 0.1 per min at 25°C.
Estimation of the proline levels
Proline levels in the spikelets were determined according to the method reported by Bates et al. (1973) . A fresh spikelets sample (0.1 g) was homogenized in sulfosalicylic acid (3% w/v in water, 5 mL). After centrifugation at 12000 g for 15min at 4 °C, the supernatant (ca. 2 mL) was added to a mixture containing acid ninhydrin reagent (2 mL) and glacial acetic acid (2 mL). The sample was boiled in a water bath at 100n absorbance change for 30 min. After cooling, toluene (5 mL) was added to the supernatant. The absorbance of the resulting solution was read at 520 nm against a toluene blank. The level of proline was expressed in μg g -1 FW.
Statistical analysis
The experiments were conducted with a minimum of three replicates and all the data were subjected to a one-way analysis of variance (ANOVA). The differences between individual mean values were determined by the Duncan's multiple-range test (P < 0.05) using the SAS software version 8.0 (SAS Institute, Cary, N.C., USA). In the case of the determination of the male sterility rate, the values were converted using  =sin p arcsine.
RESULTS
Morphological features of sterile foxtail millet induced by SQ-1
The plants treated with SQ-1 did not develop spikelets in contrast to the non-treated plants as shown by the picture from Fig. 1 . As expected, the sterilizing effects were more noticeable as the concentration of SQ-1 increased.
Compared to the SQ-1 treated plants, the heads of the control foxtail millet plants were larger, the average spikelet length was longer, the grains appeared very full, and the overall color of the plant was of a shiny gold. In contrast, the SQ-1 treated plants presented smaller heads, a shorter average spikelet length, shrunken grains, and the overall spikelets exhibited a lighter color. Considering the stamens and pistils, the SQ-1 treated plants were characterized by smaller and twisted anthers compared to the normal ones of the control plants, although pistils of the treated plants showed a normal development (Fig. 2a, 2b ). More importantly, the SQ-1 treated pollen were transparent after the staining test with I 2 -KI (Fig. 2c) , which is in contrast with the deep blue colored pollens obtained from the untreated plants (Fig. 2d) . These observations confirmed that the cytoplasm and nucleus were disintegrated in the sterile pollens. Moreover, the results confirmed the induction of male sterility under various treatments for the pollens of the untreated plant. The absence of starch in SQ-1 treated sterile pollens could support the research in starch depletion techniques. The presented results provide an important lead in unraveling the mode of action of SQ-1.
Effect of the SQ-1 concentration on the male sterility and plant growth parameters
We studied the influence of the SQ-1 concentration on the male sterility and plant growth parameters (plant height, panicle length, mean number of spikelets per ear, and the mean number of grains per spikelet). The data collected in 2015 and 2016 are summarized in Table 1 . The highest male sterility of 95.1% was obtained at the early protogyny stage in 2015 when using a concentration of SQ-1 of 6 kg ha -1 . However, there was no significant difference between the male sterility percentage obtained with a concentration of SQ-1 of 5 kg ha -1 or of 6 kg ha -1 (p<0.05). The value of the plant height gradually decreased when the concentration of SQ-1 increased. Overall, the application of SQ-1 showed no negative effects on the plant height until the concentration reached 6 kg ha -1 , at which concentration, the plant height decreased significantly (P<0.05). The same tendency was observed for the other growth parameters: the panicle length, mean number of spikelets per ear, and the mean number of grain per spikelets. After the application of SQ-1, the panicle length decreased by 22.8%, 25.9%, 27.8%, and 30.1% at the concentration of 3, 4, 5, and 6 kg ha -1 , respectively. Concerning the mean number of spikelets per ear, we observed a reduction of 3.7% and 5.6% at the lower concentrations of SQ-1 (3 and 4 kg ha -1 , respectively), and at higher SQ-1 concentrations (5 and 6 kg ha -1 ), the reduction reached 17.6% and 25.0%, respectively. And more than 33.1% reduction of the mean number of grains per spikelets was observed when SQ-1 was applied.
The data collected in 2016 confirmed the effect of SQ-1 in inducing male sterility in foxtail millet. Indeed, the male sterility percentage in 2016 reached up to 95.7%, and 95.9% when of the concentration of SQ-1 was 5 and 6 kg ha -1 , respectively. When a concentration of 6 kg ha -1 of SQ-1 was applied, the plant height value was decreased by 24.4%, and the one of the panicle length was decreased by 29.7%. At the highest concentration of 6 kg ha -1 of SQ-1, the mean number of spikelets per ear decreased by more than 27.5%, whereas the mean number of grains per spikelets reduced by more than 48.8%.
The spikelets were deformed after the application of SQ-1 at the early booting stage in 2015 and 2016. At the midbooting stage, all the plants did not form spikelets (data not shown in Table 1 ).
Effect of SQ-1 on the concentrations of H 2 O 2 and MDA produced by plants
It is well accepted that ROS can be produced by exogenous factors such as chemical agents. In order to reveal the relation between the abnormal concentrations of ROS and CHA induced male sterility in SQ-1 treated spikelets, the concentration of produced H 2 O 2 was measured under various concentration applications of SQ-1 for 15 days (Fig. 3a) . The results indicated that the lowest concentration of H 2 O 2 of SQ-1-treated and control plants was observed at day 5, 13.7-15.8 and 11.76 min -1 g -1 FW, respectively. Up to day 10, the level of H 2 O 2 observed for the treated spikelets compared to control rapidly increased by 24.4%, 28.5%, 39.9%, and 45.5% when a the concentration of SQ-1 was 3, 4, 5, and 6 kg ha -1 , respectively. From then on, a gradual decrease of the H 2 O 2 level was observed at all SQ-1 concentrations. However, the concentration of H 2 O 2 kept increasing after 10 days of experimental time in the control.
The effect of the concentration of SQ-1 on the MDA content is shown in Fig. 3b . The content of MDA detected in the treated plant spikelets significantly increased at all SQ-1 concentrations when compared to the one of the control plants. Indeed, the MDA content increased together with the concentration of SQ-1. The highest MDA content, which represented 104.7% more than that of the control plant, was recorded on day 15 at a SQ-1 concentration of 6 kg ha -1 SQ-1. The lowest MDA content for the treated and control plants was observed at day 5, from which on the synthesis of MDA rose continuously.
Activities changes of the ROS scavenging enzymes
The activities of the ROS scavenging Enzymes such as SOD, POD, CAT, and APX were analyzed in the SQ-1-treated and the control plants (Fig. 5) . The SOD activity increased continuously for the control plants as the treatment prolonged. In contrast, the enzymatic activity first decreased by day 10 and then increased by day 15 in the case of the SQ-1 treated plants (Fig. 5a ). Overall, The values are mean values ± SD (n = 10). Different lower cased letters in one column indicate a significant difference with P﹤0.05
Zhang, et al.: Male sterility and antioxidant enzyme activities in Foxtail Millet the SOD activity was always lower for the SQ-1-treated plants than for the control experiments. By day 10, the minimum enzymatic activity reduced by 39.2% at a SQ-1 concentration of 3 kg ha -1
, whereas the maximum decreased by 47.0% at a SQ-1 concentration of 6 kg ha -1 , when comparing the activities with the ones obtained for the control plants.
The application of SQ-1 induced the accumulation of POD inside the plant. In SQ-1 treated plants, the POD activity increased continuously during the application stage (Fig. 5b) . At day 5, the POD activity of the SQ-1 treated plants increased by 75.1% at the concentration of 3 kg ha -1 , and was 1.6% higher than that of the control plants at the concentration of 6 kg ha -1
. By day 15, the POD activity increased by 48.1%-73.0%-73.0% with respect to the control plants.
The application of SQ-1 significantly influenced the CAT activity at all concentrations of SQ-1 (Fig. 5c ). In general, the CAT activity lowered upon the application of SQ-1 (P﹤0.05). The control plants exhibited first an increase in the CAT activity then a decrease as the experimental time increased. The treated plants exhibited the highest CAT activity of 12.2 min -1 g -1 FW after 10 days of treatment; however, the activity decreased at first, and then increased. The CAT activity decreased together with the concentration of SQ-1. The lowest CAT activity was recorded after 10 days of treatment (6 kg ha -1 ) SQ-1 and was 2.41 fold lower than the one of the control plants.
According to the ANOVA results, we found that the APX activity significantly changed upon treatment with SQ-1 (P<0.05). As shown in Fig. 5d , the APX activity first increased, and then dropped with the course of the experiment for the SQ-1 treated and control plants. At day 10, the value of the high APX activity was 33.0, 29.0, 24.0, and 21.0 min -1 g -1 FW, at a SQ-1 concentration of 3, 4, 5, and 6 kg ha -1 . In short, the APX activity of the SQ-1 treated plants exhibited a reduction ranging from 16.2% to 51.4% lower than the ones of the control plants at all the stages of the treatment.
Proline content variation
The proline content was significantly affected in all SQ-1 treated plants. The amount of proline increased importantly in the control as the experimental time advanced. In contrast, a slow increase was observed for the SQ-1 treated plants (Fig. 6a) . Furthermore, a much lower level of proline was noticed at all given concentrations of SQ-1 when compared to the ones of the control plants. At day 5, the proline content of the treated plants declined by 35.7%, 45.3%, 56.1% and 59.4%, when compared to the one of the control plants, at a SQ-1 concentration of 3, 4, . By day 21, the proline content decreased by 1.1 to 3.2 times the value of the control plants.
Soluble protein content
The determination of the content of soluble protein indicated that the initial protein content increased for both the treated and control plants. After 10 days, a continuous increase of the soluble protein content was observed for the control plant, in contrast to the decline observed for the SQ-1 treated spikelets. The most important reductions were of 1.04 fold, 1.05 fold, and 1.25 fold the control value at day 5, 10, and 20, respectively. In general, the soluble protein content of all SQ-1 treated plants was inherently significantly lower than the one of the control plants during the course of the experiment (Fig. 6b) .
DISCUSSION
The results clearly demonstrated the potential of SQ-1 as a CHA for foxtail millet. The most effective dosage of SQ-1 was 5 kg ha -1 and the most appropriate time was at the early protogyny. Indeed, at lower concentrations, less sterility was induced, and no significant increase was produced at higher concentration. At early booting, the application of SQ-1 led to no panicle exsertion, and abnormal ears were observed at the mid-booting stage. Our results corroborated the previous findings supporting that the optimal treatment time was at the male premeiotic archesporial development stage and terminates at the end of the premeiotic interphase (Bennett and Hughes, 1972; Hughes et al., 1974) . In this study we have pin pointed the appropriate developmental stage at which SQ-1 was the most effective. Although cytological observations are possible, it was not practical to operate in the field. As a consequence, the external morphology of the plant corresponded to the inner growth and development stages. In our study, the leaf age was used to assess the developmental stage (Shanxi academy of agricultural science, 1987), which was more precise and practical.
Successful use of CHAs not only depends on the complete induction of male sterility, but also on the absence of negative side effects. In the current study, no apparent morphological abnormalities were observed while applying SQ-1. Moreover, SQ-1 had no side effect on female fertility except that the plant height decreased when the SQ-1 concentration increased, which may be advantageous for increasing the level of hybridization. Similar results had been reported for other CHAs on other crops, such as corn and soybean with Ethrel (Earley and Slife, 1969; Slife and Early, 1970) .
Various environmental stresses can cause the overproduction of ROS, therefore the concentrations of ROS are used as stress indicators. It has been reported that SQ-1 could induce the overproduction of ROS during the anther abortion, which could be assimilated to a stress factor (Ba et al., 2013) . In our study, after the application of SQ-1, the concentrations of ROS (H 2 O 2 ) increased in the plant spikelets, which was consistent with the previous stress studies ( Kiani-Pouya, 2015) . Furthermore, the overproduction of ROS increased together with the increase of SQ-1 concentration.
Excessive production of ROS causes oxidative injuries to lipid peroxidation as observed under different stress conditions for different plant species (Khoyerdi et al., 2016; Wang et al., 2015) . The lipid peroxidation level was indirectly determined by the content of MDA in this study. We found that the application of SQ-1 triggered the MDA production earlier than in the case of the control plants (Fig. 3b) . It has been reported that the low level of MDA could be associated with a better resistance to stress environment. The results of this study implied that the peroxidative reaction became more important in membrane lipids and that consequently the treated plants could be subjected to serious injury. Furthermore, the MDA level presented a significant positive correlation with the production of H 2 O 2 (r = 0.641, p<0.001) (Fig. 4) , implying that the generation of H 2 O 2 could participate in the lipid peroxidation under SQ-1 treatment.
The SOD, CAT, POD, and APX are the major antioxidant enzymes associated with the scavenging of ROS. The major scavenger of superoxide (O 2 · -) is SOD by catalyzing the reaction of the superoxide anions into the H 2 O 2 and O 2 molecules, which can damage to nucleic acid and proteins. The enzymes POD and CAT (Gill and Tuteja, 2010) remove H 2 O 2 , while APX is involved in the ascorbateglutathione cycle, which also removes H 2 O 2 but via a nonenzymatic pathway. It has been reported that SOD, CAT, POD, and APX increased in response to mild and moderate environmental stress (Ma et al.,2016; Shen et al., 2015; Liu et al., 2013) . However, under severe stress, the functions of antioxidant enzymes tend to be impaired. In our study, we found that after application of SQ-1, the SOD and CAT activities decreased at earlier development stage of the plant, and then increased at a later stage. In contrast, the APX activity of treated plants first increased and then decreased in the plant spikelets when compared to the one of the control plant. Only the POD activity increased continuously for all treated plants. Overall, the activity of all the enzymes was always lower than that of the control plants, indicating that the ROS-scavenging system could not maintain the balance between the ROS overproduction and degradation. Consequently, the excessive accumulation of highly reactive and toxic ROS disrupted the normal metabolism of the plant, and led to the microspore male sterility.
CONCLUSIONS
The current study assessed the effect of SQ-1 on inducing male sterility in foxtail millet, and contributed to assessment of the relations between the metabolism of ROS and the SQ-1 induction of male sterility. The results have shown that in the sterile plants induced by SQ-1, the accumulation of H 2 O 2 was much higher than the control.
Meanwhile, the activities of SOD, CAT and APX were inhibited. Excessive ROS can not be removed timely by the antioxidative system, reducing the lipid peroxidation and oxidative damage. At the same time, the metabolism of the proline content and soluble protein was also dysfunctional, which affected the supply of energy and nutrient to the anthers. These results provide the basis theory for the study of the mechanism of physiological male sterility induced by SQ-1. However, the mechanisms related to CHA induced male sterility are complex, and the effects of other factors, such as total soluble sugars or specific phytohormones are still unknown. Further research is needed to obtain other physiology changes. Moreover, histological modifications are also needed to illuminate the mechanism of male sterility.
